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ABSTRACT

Atmospheric rivers (ARs) are often associated with extreme precipitation, which can lead to flooding or
alleviate droughts. A decade (2003-12) of landfalling ARs impacting the North American west coast (be-
tween 32.5° and 52.5°N) is collected to assess the skill of five commonly used satellite-based precipitation
products [T3B42, T3B42 real-time (T3B42RT), CPC morphing technique (CMORPH), PERSIANN, and
PERSIANN-Cloud Classification System (CCS)] in capturing ARs’ precipitation rate and pattern. AR de-
tection was carried out using a database containing twice-daily satellite-based integrated water vapor com-
posite observations. It was found that satellite products are more consistent over ocean than land and often
significantly underestimate precipitation rate over land compared to ground observations. Incorrect detection
of precipitation from IR-based methods is prevalent over snow and ice surfaces where microwave estimates
often show underestimation or missing data. Bias adjustment using ground observation is found very effective
to improve satellite products, but it also raises concern regarding near-real-time applicability of satellite
products for ARs. The analysis using individual case studies (6-8 January and 13-14 October 2009) and an
ensemble of AR events suggests that further advancement in capturing orographic precipitation and pre-
cipitation over cold and frozen surfaces is needed to more reliably quantify AR precipitation from space.
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1. Introduction

Atmospheric rivers (ARs) refer to narrow channels of
enhanced water vapor transport concentrated in the
lower atmosphere (Zhu and Newell 1994; Ralph et al.
2004). Occupying less than 10% of the earth’s circum-
ference, ARs account for over 90% of the poleward
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water vapor transport at midlatitudes (Zhu and Newell
1998). While ARs occur globally, their impacts are most
prominent when they make landfall and interact with
the topography of the west coast areas of midlatitude
continents [Gimeno et al. (2014), and references therein].
Often they are associated with extreme precipitation,
which can lead to flooding (e.g., Ralph et al. 2006; Neiman
et al. 2011; Lavers and Villarini 2013) but can also
alleviate or ‘“‘bust’” ongoing drought conditions
(Dettinger 2013).

The important hydrological effects of ARs have been
widely documented in the semiarid western United
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States. About 30%—-50% of annual precipitation in this
region fell during ARs over the period of water years
(WYs) 1998-2008 (Dettinger et al. 2011). On average,
67 ARs per winter account for 40% of the annual snow
accumulation in California’s Sierra Nevada during WYs
2004-10 (Guan et al. 2010, 2013). All seven major
flooding events in California’s Russian River basin
during WYs 1998-2006 were associated with ARs
(Ralph et al. 2006), as were 46 out of 48 annual peak
daily flow events in Washington during WY's 1998-2009
(Neiman et al. 2011). Recently, it was found that
33%-74% of droughts in the western United States were
broken by the arrival of ARs (Dettinger 2013), with the
highest and lowest percent observed in Washington and
southern coastal California, respectively. Similar hy-
drological importance of ARs has been indicated by
studies focusing on Europe (Stohl et al. 2008; Lavers and
Villarini 2013) and South America (Viale and Nufez
2011). Together, these studies suggest the need to better
observe and understand ARs and their impacts.

ARs are typically formed over midlatitude oceanic
regions, and it often takes a few days for them to make
landfall. Because of a lack of rain gauge and ground-radar
over the ocean, an important alternative for retrieving
precipitation from such systems is satellite, enabling ob-
servations of ARs throughout their entire life cycle
(e.g., Matrosov 2012, 2013) and before they make land-
fall. Compared to many regions of the world, the western
Unites States is fairly well instrumented and thus provides
an opportunity to assess the weaknesses and strengths of
satellite products in capturing AR precipitation events as
they make landfall. The outcomes can help improve pre-
cipitation retrieval methods and provide insights on the
reliability of satellite estimates over regions where ground
observations are sparse or nonexistent.

Precipitation from ARs often possesses unique fea-
tures. Compared to other winter storms, the lower tro-
pospheric air temperature during AR precipitation is
typically warmer with correspondingly higher melting
levels (e.g., Neiman et al. 2008, 2011; Warner et al. 2012;
Kim et al. 2013). Furthermore, once such systems make
landfall they can be impacted by topography and gen-
erate substantial orographic precipitation. In the west-
ern United States, a large fraction of ARs occur in
winter in the form of snowfall or rainfall over snow and
ice surfaces. This makes it more difficult for retrieving
precipitation from infrared (IR) and microwave (MW)
sensors, both of which are commonly used in merged
precipitation products (Huffman et al. 2007; Joyce et al.
2004; Hsu et al. 1997; Sorooshian et al. 2000; Kuligowski
2002; Behrangi et al. 2010). IR-based techniques are
based on the general assumption that colder clouds
statistically produce more intense rainfall, so the IR
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techniques have been known to miss heavy precipita-
tion from shallow clouds and they have been prone to
false detection of precipitation over ice and snow sur-
face (Kidd et al. 2003; Behrangi et al. 2009). MW-based
precipitation retrieval over land, however, relies mainly
on scattering properties of ice particles, partly because
quantification of emissivity over land is difficult and is an
ongoing challenge (Ferraro et al. 2013). This has limited
the performance of MW-based precipitation retrievals
in capturing warm rainfall observed in many regions
(Liu and Zipser 2009) including the North American
west coast (e.g., Neiman et al. 2005; Martner et al. 2008).
Furthermore, the presence of ice and snow on the sur-
face adds more difficulties to MW-based precipitation
retrieval methods, and often no retrieval is performed
from MW imagers over snow and ice surfaces. MW
sounders could be more effective in such situations as
sensitivity of water vapor channels to surface emission is
low and the high-frequency channels are effective in
capturing scattering signals from cloud ice particles
and snowflakes. For example, AMSU Microwave Hu-
midity Sounder (MHS) precipitation from the Micro-
wave Surface and Precipitation Products System (Ferraro
et al. 2000; Weng et al. 2003; Vila et al. 2007) employs a
technique (Kongoli et al. 2003; H. Meng et al. 2012,
meeting presentation) through which a combination of
MW sounding channels is used to distinguish between the
scattering features over land surfaces (especially snow
cover) and that of the atmosphere (precipitation-sized ice
particles). However, a long-standing difficulty remains in
dry atmospheres (e.g., total water vapor column of less
than 10-15mm), where even the 183-GHz sounding
channels are heavily impacted by the surface.

Because of the important impacts of ARs on water
resources across the western United States and the vari-
ous potential challenges for satellite-based retrieval of
precipitation over this region (e.g., Snow, rain on snow,
and orographic precipitation), the present study focuses
on assessing the performance of the commonly used
merged precipitation products in capturing precipitation
from landfalling ARs originating over the eastern North
Pacific Ocean. AR landfalls based on the less (more)
stringent satellite-based AR criteria (see section 2) were
used for comparison focusing on the ocean (land). The
outcomes are expected to provide useful insights on the
application of such datasets and future plans to improve
the observing systems and products.

2. Dataset and study area
a. AR database

In this study, ARs are defined as satellite-observed
integrated water vapor (IWV) plumes greater than
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2000km long, less than 1000 km wide, and with IWV
greater than 20 mm. These AR criteria were established
by Ralph et al. (2004) based on dropsonde observations
of ARs and were later used by Neiman et al. (2008) to
create an inventory of landfalling ARs on the west coast
of North America between WYs 1998 and 2013. The
inventory is based on examining twice-daily (ascending
and descending passes) composite satellite images of
IWV as observed by the Special Sensor Microwave
Imager (SSM/I) and Special Sensor Microwave Imager/
Sounder (SSMIS) instruments on Defense Meteoro-
logical Satellite Program (DMSP) satellites. California
landfalls are defined as the dates when the IWV plume
intersects the west coast between 32.5° and 41.0°N in
either the ascending or descending satellite pass. Cor-
respondingly, Pacific Northwest landfalls are defined as
those intersecting the west coast between 41.0° and
52.5°N. A subset of the catalog based on the more strin-
gent criteria (i.e., dates when ARs are intersecting the
coast in both ascending and descending passes) is also
used for analysis over land. The use of the more stringent
AR landfall criteria for the land-focused analysis is to
prevent the possible inclusion of partial days when the
AR has not yet intersected the coast and therefore any
overland impact has not yet been realized. Here, the
California and the Pacific Northwest landfalls are re-
ferred to as “‘south” and ‘“‘north’ landfalls, respectively.

b. Precipitation dataset

1) PRISM

Reference precipitation data are obtained from the
Parameter-Elevation Regressions on Independent Slopes
Model (PRISM) dataset (Daly et al. 2002) developed
by the PRISM Climate Group at Oregon State Univer-
sity. PRISM data are generated from high-quality mete-
orological stations interpolated to a 4-km grid using a
human expert and statistical knowledge-based system
(Daly et al. 2002; http://www.prism.oregonstate.edu). In
other words, PRISM uses knowledge on the spatial pat-
terns of climate and their relationships with geographic
features to help enhance, control, and parameterize a
statistical technique to create high-quality precipitation
maps using gauge stations. A weighted climate—elevation
regression function is also used to account for the influ-
ence of elevation on climate. Daily and monthly PRISM
data are available over the continental United States
(CONUS) for several decades. Daily products are used in
this study.

2) SATELLITE PRODUCTS

The following satellite-based precipitation products
are utilized in the present study: 1) Tropical Rainfall

BEHRANGI ET AL.

371

Measuring Mission (TRMM) 3B42 real-time (RT),
version 7 (T3B42RT; Huffman et al. 2007); 2) TRMM
3B42 research product, version 7 (T3B42; Huffman et al.
2007; Huffman and Bolvin 2014); 3) Climate Prediction
Center (CPC) morphing technique (CMORPH; Joyce
et al. 2004); 4) Precipitation Estimation from Remotely
Sensed Information Using Artificial Neural Networks
(PERSIANN; Hsu et al. 1997; Sorooshian et al. 2000);
and 5) PERSIANN-Cloud Classification System
(PERSIANN-CCS, hereafter referred to as CCS; Hong
et al. 2004). T3B42 combines various MW-derived pre-
cipitation estimates with MW-calibrated infrared esti-
mates, and the final product is adjusted for bias using
monthly gauge data. Note that T3B42 mainly uses the
Global Precipitation Climatology Centre (GPCC)
gauges, which are not as complete as those used in
PRISM (e.g., PRISM uses several other sources, such as
radars and SNOTEL, explained in the PRISM docu-
ment). Furthermore, the bias adjustment in T3B42 is
only applied to grids with a precipitation rate above
zero. Therefore, while both products are adjusted by
gauges, T3B42 and PRISM are not necessarily similar.
On the other hand, T3B42RT only relies on climatology
for bias adjustment to reduce data latency. Furthermore,
in T3B42 the TRMM Combined Instrument (TCI) from
the TRMM 2B31 product (Haddad et al. 1997) is used
as a reference for the intercalibration of other MW
precipitation estimates, while this is done by using the
TRMM Microwave Imager in T3B42RT. T3B42 and
T3B42RT are produced at 0.25° X 0.25° spatial resolu-
tion every 3h and are available since 1998 and 2000,
respectively. CMORPH produces a temporally and
spatially complete precipitation field by interpolating
the MW precipitation data along cloud tracks that are
obtained entirely from geostationary satellite IR data.
Therefore, CMORPH uses precipitation estimates ex-
clusively from MW retrievals. The product is available
at 0.25° X 0.25° spatial resolution every 3h and 0.07° X
0.07° spatial resolution every 30 min. Both PERISANN
and CCS derive precipitation from a single IR channel
(~11 um). PERSIANN is a pixel-based approach and
MW precipitation data are used to update the parame-
ters that relate IR to precipitation intensity, while CCS
is a patch-based approach in which the relation be-
tween IR and precipitation rate is established for each
class of cloud patches. PERISANN data are available
since 2000 at 0.25° X 0.25° spatial resolution every hour,
while CCS has been produced at 0.04° X 0.04° spatial
resolution every 30min since 2004. Our initial analysis
using high-resolution products from CCS and CMORPH
showed that the results presented in the work are not
changed if higher-resolution products are used. There-
fore, for consistency with the other products, we used
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FIG. 1. The study region. (a) The solid box shows the study area and the dotted line (~1000 km offshore) bounds
a North American west coast domain in which landfalling ARs are observed and collected in the AR database.
(b) Topography map with elevation (m MSL). In (a) the latitude positions at 32.5°,41.0°, and 52.5°N along the coast
represent the boundaries of the south coast and north coast AR landfalls. In (b), dashed boxes B1 and B2 delineate

two study areas discussed later in the present study.

0.25° X 0.25° spatial and daily temporal resolution in this
study. Note that a PRISM day is defined as 1200-1200 UTC.
This is considered in construction of comparable daily
precipitation data from remote sensing products using
3-h precipitation maps.

c. Auxiliary data

Surface elevation and 2-m air temperature data are
also utilized in this study to complement the analysis.
Both datasets are obtained from PRISM. Similar to
precipitation datasets, PRISM provides 4-km daily air
temperature data over the CONUS. Elevation maps
are also available at 800-m resolution grids. Both surface
air temperature and elevation grids were mapped to
0.25° X 0.25° spatial resolution prior to the analysis.

3. Method

ARs can heavily impact the western United States
with intense precipitation and flooding. In contrast, a
lack of ARs can contribute to droughts. Therefore, for
comparison of different precipitation products, both
aspects of precipitation—total and rate (i.e., intensity)—
have to be considered. Using the AR landfall database
described in section 2, AR precipitation is determined
from the various satellite-based precipitation products
described in the previous section. Landfalls based on the
less (more) stringent SSM/I- and SSMIS-based AR cri-
teria (see section 2) were used for comparison focusing
on the ocean (land). For comparison over land, pre-
cipitation data are collected for days on which ARs hit
the coast, and the immediate day after those days, to

include most of the precipitation events likely caused by
ARs (Dettinger et al. 2011; Kim et al. 2013). The daily
precipitation data are then compared by constructing
geographical maps and probability density functions for
precipitation intensity.

The study region (Fig. 1) includes mountainous areas
with high elevations that can induce orographic pre-
cipitation and receive major snowfall during winter.
Data from 10 calendar years (2003-12) are used in this
study. Surface temperature is used as auxiliary in-
formation to distinguish snowfall from rainfall events. In
other words, it was assumed that precipitation with a
surface temperature of 0°C or lower falls as snow. While
this distinction may not be accurate, it helps investigate
how different products compare for cases that are likely
snowfall at the surface. It should be noted that the 0°C
threshold used in this study is likely conservative. For
example, Lundquist et al. (2008) showed that in the free
atmosphere the transition from snow to rain starts at
0° and at 1.5°C, 50% of precipitation events fall as rain
and 50% as snow.

4. Results

Here the assessment is performed using long-term
statistics, providing more reliable assessment, as well as
two event-based case studies.

a. 10-yr composite analyses

Figure 2 shows maps of mean AR precipitation rate
based on the less stringent landfall criteria (see section 2).
From left to right, the columns include only ARs that
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FIG. 2. Maps of mean precipitation rate (mmday ') in the study domain and for days that the AR database
identifies landfalling ARs within the domain bounded by the North American west coast and ~1000 km offshore (see
Fig. 1) based on the less stringent landfall criteria (see section 2). From left to right, the columns show maps of mean
precipitation rates from the different precipitation products and for ARs that make landfall mainly in California
(i.e., 32.5°-41.0°N, designated south); Oregon, Washington, and southern British Columbia (i.e., 40.5°-52.5°N, des-
ignated north); and both north and south. The maps are constructed using 10 years of collected ARs (2003-12). Note
that (right) does not represent the average of (left) and (middle). It is calculated from ARs identified over both north

and south regions.

make landfall in California (i.e., 32.5°-41.0°N; designated
south); those that make landfall in Oregon, Washington,
and southern British Columbia (i.e., 40.5°-52.5°N; desig-
nated north); and those identified as making landfall in
north and south. PRISM data are used as a reference for
mean precipitation over land. Figure 2 shows that sat-
ellite products are fairly consistent in quantifying mean
precipitation rate over ocean, although there is a large
discrepancy to the west of Washington and southern

British Columbia for the north coast results. Over the
ocean, PERSIANN represents generally lower mean
precipitation rates than the other products, especially in
north (Fig. 2, middle) where CMORPH, T3B42, and
T3B42RT are higher than both CCS and PERSIANN.
Over land, the bias-adjusted T3B42 product shows a
fairly good agreement with PRISM. However, the other
satellite products do not show much skill in capturing
the mean precipitation rate and precipitation pattern
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FIG. 3. (top) Mean and (bottom) std dev maps of precipitation rate (mm day ') calculated from T3B42RT,
CMORPH, PERSIANN, and CCS. Similar to Fig. 2, the columns are for designated south, north, and north and south
ARs. Note that (right) does not represent the average of (left) and (middle). It is calculated from ARs identified over

both north and south regions.

observed from PRISM. CCS shows generally much higher
mean precipitation rate than other products, mainly for
the north coast, and CMORPH severely underestimates
precipitation over land. Note that, as described in section
2, T3B42RT uses climatology for near-real-time bias ad-
justment. However, Fig. 2 suggests that the bias adjust-
ment is not as effective as that observed in T3B42.

Figure 3 shows maps of mean and standard deviation
of precipitation rate calculated from T3B42RT, CCS,
CMORPH, and PERSIANN products. The mean and
standard deviation maps are calculated after collecting
daily maps of precipitation from the four products and,
similar to Fig. 2, for those days that the AR database
identifies landfalling ARs. T3B42 was not included in
calculating the mean and standard deviation as it sig-
nificantly utilizes rain gauges for bias adjustment over
land and thus does not thoroughly represent a satellite-
based product. Furthermore, T3B42 and T3B42RT are
fairly similar over ocean as there is no rain gauge for bias
adjustment. Consistent with that observed in Fig. 2, the
products show high agreement over ocean (e.g., low
standard deviation) and low agreement over land
(e.g., high standard deviation). The maps of mean pre-
cipitation rate over land (Fig. 3, top) show some similar
patterns to those obtained from the corresponding
PRISM maps (Fig. 2, top). Yet, there remain large dis-
crepancies between PRISM and satellite products in
capturing the precipitation rates.

Figure 4 is similar to Fig. 2, except AR landfalls are
collected using the more stringent landfall criteria (see
section 2). In addition, the day of landfall and the day

immediately after that are included to assess the entire
impact of ARs over land. Furthermore, by utilizing
surface temperature data, it was assumed that pre-
cipitation over surfaces with 2-m air temperature below
0°Cfalls as snow. Based on this assumption, the two right
columns in Fig. 4 show mean snowfall rates from the
studied products. The overall results of comparing pre-
cipitation maps are similar to those discussed earlier.

Note that T3B42RT employs climatology data for
near-real-time bias adjustment of the precipitation es-
timate; thus, in a sense it is not a pure satellite product.
On the other hand, CMORPH does not retrieve pre-
cipitation rate from IR and uses precipitation estimates
from MW retrievals exclusively. Over frozen surface,
MW precipitation estimates from individual sensors can
be missed. In CMORPH, the missed MW precipita-
tion data are assigned to zero if no precipitation is
inferred from IR images. However, missing data remain
for precipitation events over snow and ice surfaces
(R. Joyce 2013, personal communication) and in this
study they are not included in the calculation of
CMORPH mean precipitation rates. This could be a
reason for the significant underestimation of CMORPH
precipitation, and especially snowfall, over land (see
Figs. 2, 4). Different from CMORPH, T3B42 fills the
missing MW estimates with IR-based precipitation data
(Huffman et al. 2007).

Figure 5 enables a more detailed comparison of the
different products by focusing on region B1 (see Figs. 1b,
Sa) that includes California’s Sierra Nevada and region
B2 (see Figs. 1b, 5b) that covers western Washington
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FIG. 4. Maps of mean precipitation rate (mm day ') over land brought by ARs. These maps were constructed
using the different precipitation products (stratified by row) discussed in the text. AR landfalls are based on the
more stringent criteria (see section 2). The averaging includes the days of landfall and the day immediately after
those. Snowfall maps in the right two columns are constructed from precipitation maps under the assumption that
precipitation over surfaces with 2-m air temperature below 0°C falls as snow. The maps are constructed using
10 years of collected ARs (2003-12).
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FIG. 5. Maps of mean precipitation rate (mm day ') over land brought by ARs based on the more stringent criteria over regions
(a) B1 and (b) B2 (see Fig. 1b). In (a) and (b), maps are shown of mean precipitation rate (top) and mean snowfall rate (bottom)
approximated using precipitation and surface air temperature data. The first column from right shows the corresponding elevation
maps (m MSL). The remaining columns show results from the different precipitation products.

and Oregon and far northern California. In Fig. 5a (top)
and Fig. 5b (top), the average precipitation rate maps
calculated from the entire dataset (2003-12) are shown.
In Fig. 5a (bottom) and Fig. 5b (bottom), the maps in-
clude only precipitation days on which surface temper-
ature is below 0°C, and thus they approximate maps of
average snowfall rate. Corresponding elevation maps
are also shown in the last column on the right. Figure 5a
shows that average precipitation is highest over and in
the vicinity of the Sierra Nevada, likely due to the oro-
graphic enhancement of precipitation on the windward

side of the mountains (e.g., Dettinger et al. 2004). While
mean snowfall is generally higher at higher elevations
(Fig. Sa, bottom), the highest rate of mean snowfall does
not occur over the highest elevation (Fig. Sa, top). T3B42,
followed by CCS, T3B42RT, and CMORPH, shows the
highest skill in capturing the location of the intense mean
precipitation estimated by PRISM. However, all of the
products, especially PERSIANN and CMORPH, signif-
icantly underestimate the mean precipitation intensity.
As discussed earlier, one major reason for underestimation
of CMORPH is related to the missing precipitation data
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over snow and frozen lands by various MW products,
collectively and exclusively used in CMORPH. This
hampers a thorough assessment of CMORPH over these
regions. Figure 5a also suggests that CCS overestimates
precipitation intensity often at lower elevations compared
to PRISM and the other products. However, CCS and
PRISM show a fairly good agreement in capturing the
location and intensity of snowfall.

Figure 5b compares different products over the Pacific
Northwest coast and the western halves of Washington
and Oregon. While all the satellite products show sig-
nificant underestimation of mean precipitation, CCS
shows a fairly uniform mean precipitation that often
varies between 4 and 6mmday ', exceeding PRISM
mean precipitation in the east over the Cascade Moun-
tains. Unlike other satellite products, T3B42 shows
fairly good skill in capturing the orographic enhance-
ment of precipitation in region B2. Figure 5b (bottom)
shows that maps of approximated mean snowfall rate
are comparable with PRISM, especially for CCS. Note
that the similarity of the mean snowfall pattern among
the products can be an artifact of masking precipita-
tion over nonfrozen surfaces. A summary of daily skill
scores for precipitation estimates over regions B1 and
B2 are provided in Table 1. Bias is defined as the ratio of
the total estimated to the total observed values with
perfection represented by 1. Clearly, the bias adjustment
improves the overall performance of T3B42, relative to
the other satellite products. If not bias adjusted, the
products show significant underestimation of total pre-
cipitation and relatively lower correlation. While CCS
maintains a comparable total precipitation over both
regions (e.g., bias near 1), precipitation maps (e.g.,
Figs. 2,4) and root-mean-square errors (Table 1) suggest
that false detection and estimation play a role in im-
proving the overall bias of CCS. Note that CMORPH
was not included in the analysis because the product has
missing data over snow and frozen surfaces.

A more detailed comparison can be performed by
plotting the fractions of precipitation volume (y axis)
versus precipitation intensity (x axis) for different prod-
ucts and PRISM as the reference. Figure 6 shows such
plots constructed for precipitation rate and snowfall rate,
separately for Bl and B2 regions (see Fig. 1). For a fair
and more conclusive comparison, CMORPH was not in-
cluded in the plot, because the product has missing data
over snow and frozen surfaces. Figures 6a and 6b show
that in both regions the intense precipitation rate is un-
derestimated by satellite products. The bias-adjusted
T3B42 product captures the intense part of the pre-
cipitation spectrum well, but that is at the expense of de-
viating from the PRISM histogram in the lower
precipitation rates (e.g., compare T3B42 and T3B42RT).
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TABLE 1. A summary of daily skill scores for precipitation esti-
mates over regions Bl and B2. COR is correlation coefficient,
RMSE is root-mean-square error (mm day '), and bias is defined
as the ratio of the total estimated to the total observed values with
perfection represented by 1. PRISM is used as truth.

Rain Snow
Products COR RMSE Bias COR RMSE Bias
Region Bl
T3B42 542 9.8 0.87 603 4.1 0.50
T3B42RT 38.5 9.5 051 465 4.7 0.30
CCS 259 10.5 097 423 4.7 0.78
PERSIANN  30.8 9.7 0.46  46.7 4.7 0.26
Region B2
T3B42 61.4 9.6 087 57.8 2.7 0.84
T3B42RT 51.7 8.9 0.46 525 2.4 0.58
CCS 35.7 9.8 0.79  49.6 3.0 1.26
PERSIANN 269 10.3 0.40 246 33 0.53

In both regions PERSIANN displays a significant un-
derestimation of the intense precipitation rate and shows
more light rain precipitation than PRISM, likely an arti-
fact of a systematic shift of precipitation rates toward the
lower end of the spectrum. CCS behaves very differently
from the other products over B1 and places a significant
fraction of precipitation in the midintensity range between
4 and 40mm day ' The plots of snowfall distribution for
B1 (Fig. 6¢) are fairly consistent with that estimated from
PRISM, although a shift toward a less intense rate is no-
ticeable for the solid phase. Figure 6d, however, shows
that the satellite products have only little skill in capturing
light snowfall compared to PRISM in region B2.

b. Case study perspective

Figure 7 shows maps of average precipitation rate that
resulted from an atmospheric river that hit northern and
central California on 13 and 14 October 2009. This event
caused landslides in the coastal Santa Cruz Mountains
and in Sequoia National Park in the Sierra Nevada and
estimated $10 million in damages (Ralph et al. 2011).
Figure 7 shows that satellite products are fairly consis-
tent in locating the precipitation over the ocean and as
they hit land, but there are considerable differences
among the products in capturing precipitation pattern
and intensity. Over land, the products show less skill in
capturing the precipitation features estimated by
PRISM. In other words, the satellite products signifi-
cantly underestimate precipitation rate and barely cap-
ture the orographic precipitation, especially if not bias
adjusted. The observed underestimation can be partly
related to the general underestimation of MW and IR
sensors from nonconvective precipitation systems that
are more often in higher latitudes (Behrangi et al. 2012,
2014). Note that PERSIANN (Fig. 7¢) and CMORPH
(Fig. 7d) show fairly similar precipitation maps, different
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FIG. 6. Distribution of volume of precipitation in regions (a),(c) B1 and (b),(d) B2. The mean precipitation rate
(mm day ") (top) and mean snow rate (mm day ') (bottom) are given and the area below the PRISM curve is 1.

from that of T3B42 (Fig. 7b), T3B42RT (Fig. 7c), and
CCS (Fig. 7f). Interestingly, CCS produces some intense
precipitation over the southern Sierra Nevada (Fig. 7f),
comparable to that observed by PRISM (Fig. 7a). How-
ever, hourly analysis of CCS showed that the large in-
tensity is at least partly related to the presence of a cold
surface (Fig. 7h) mistakenly considered as cold pre-
cipitating cloud by the IR technique. Furthermore, CCS
shows the least precipitation rate over the coastlines,
likely due to dominant presence of shallow clouds with
cloud-top temperatures above a fixed brightness tem-
perature threshold used in CCS to filter nonprecipitating
clouds (Hong et al. 2004).

Figure 8 is similar to Fig. 7, but for an intense AR that
impacted western Washington on 6-8 January 2009
(Neiman et al. 2011). The event caused approximately
$125 million in damages and led to flooding and the
closure of a more than 30-km stretch of Interstate 5 and
the closure of Amtrak lines out of Seattle, Washington.
By comparing the mean precipitation maps from satel-
lite products (Figs. 8b—f) with PRISM (Fig. 8a), the re-
sults are found fairly consistent with the AR case study
discussed in Fig. 7. In other words, it was found that the
satellite products, other than T3B42, 1) significantly

underestimate precipitation rate over land, 2) barely
capture the orographic precipitation (Fig. 8a), and 3)
have difficulties in retrieving precipitation over cold and
frozen surfaces (e.g., missing data in MW retrieval or
false estimate from IR methods). T3B42, however,
shows that the bias adjustment using gauge data is ef-
fective and can resemble overall precipitation features
captured by PRISM. Note that T3B42 shows more skill
in capturing the 6-8 January 2009 event (Fig. 8) than the
13 and 14 October 2009 event (Fig. 7). The reason for the
event-dependent performance of T3B42 needs further
investigation to determine if it is related to the quality of
gauge networks used for bias adjustment or it is algo-
rithmic (e.g., poor precipitation detection prior to bias
adjustment). Figure 8 also shows that T3B42RT
(Fig. 8b) captures some feature of orographic pre-
cipitation, but not as effective as T3B42. CCS shows skill
in capturing the orographic precipitation, but also shows
significant false estimate in northeastern Washington.

5. Concluding remarks

Atmospheric rivers (ARs) are important weather
phenomena that need to be better understood in a
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FIG. 7. Maps of mean precipitation rate (mm day ') resulting from an AR that hit northern and central California on 13 and 14 Oct 2009:
(a)—(f) mean precipitation rate from the different products, (g) elevation above sea surface level, and (h) average min 2-m temperature

during the event.

changing climate (Dettinger 2011; Lavers et al. 2013;
Warner et al. 2015). Their important contributions to
precipitation and associated hydrological impacts such
as flood and drought, as discussed in the introduction,
highlight the need to better quantify the total amount
and intensity of precipitation associated with ARs,
especially those making landfall. Some specific fea-
tures of AR weather systems (e.g., precipitation over
cold surfaces and topographic interactions), however,
present a challenge to satellite retrievals of AR pre-
cipitation. A decade (2003-12) of landfalling ARs on
the North American west coast are collected to assess
the skill of five commonly used satellite-based pre-
cipitation products—T3B42, T3B42RT, CMORPH,
PERSIANN, and CCS—in capturing ARs’ pre-
cipitation rate and pattern. In addition, ground-based
estimates of precipitation and temperature from
PRISM, and topography maps, were used for more
detailed analysis.

By analysis of an ensemble of ARs as well as indi-
vidual case studies, it was found that the satellite
products often underestimate precipitation rate over
land, barely capture the orographic precipitation, and
have difficulties in retrieving precipitation over cold
and frozen surfaces (e.g., missing data in microwave
retrieval or false detection and estimation from IR
methods).

Because of the importance of accurate quantification
of precipitation from ARs and lack of sufficient ground
observation, especially over ocean and remote areas
over land, it is important to improve the quality of the
current satellite precipitation products to better retrieve
precipitation from ARs. The performance of T3B42
compared to the other products suggests that, in parallel
to the development of retrieval techniques and more
capable sensors, it is critical to consider timely inclusion
of in situ precipitation data in the production of merged
precipitation products. Improvement in retrieval of
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precipitation rate from the different products, (g) elevation above sea surface level, and (h) average min 2-m temperature during

the event.

orographic precipitation (e.g., Taniguchi et al. 2013;
Shige et al. 2013) is another important area of study that
can improve remote sensing of precipitation over the
western United States, where ARs together with oro-
graphic lifting often cause intense precipitation.

Further advancement in quantifying and monitor-
ing AR precipitation is expected through the Global
Precipitation Measurement (GPM) mission (Hou et al.
2014), offering more advanced observing sensors and
methods for precipitation retrievals over land and
ocean. The Integrated Multisatellite Retrievals for
GPM (IMERG; Huffman et al. 2015), released in
early 2015, provides timely observation of pre-
cipitation at 0.1° X 0.1° resolution every 30 min within
the latitude band 60°N-60°S. Efforts are underway to
assess the impact of GPM in enhancing AR pre-
cipitation retrievals.
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